. DNA from herring sperm (Boehringer Mannheim, Germany) was dissolved in water at concentrations of 5, 10, 20, 30, 40, 50, 60, 80, and 100 mg ml -1 . One microliter of a DNA solution was dropped on a plastic substrate (polystyrene plate, SH90-15E, Iwaki, Japan) and followed by a careful 5-µl drop of a histone solution. A 6-µl ball of a DNA-histone mixture was observed by microscope (Nikon, Japan); the images were recorded using a digital still camera (DC 260, Kodak Japan). Photography was performed using a manual collimating technique.
Results and Discussion
The DNA-histone mixture drop formed several circles on the surface ( Fig. 1 ) in 1 -3 min after the addition of histone and, finally, the precipitation grew randomly. This pattern of circles seemed to form only on the surface of the ball of solution. It was interesting to find that the pattern was distorted when the solution ball was pricked with a pin, and that the pattern sometimes reformed even after the pattern had disappeared after careful stirring. At higher histone concentrations, over 30 mg ml -1 , such a pattern was not observed. In the histone concentration range of 60 -120 mg ml -1 , a large precipitation of DNA-histone was formed at the bottom of the ball. A wrinkled structure was observed on the surface of the precipitation at the bottom of the ball, and the density of the wrinkles increased as DNA and histone increased. In the histone range of 30 -50 mg ml -1 , no pattern was observed, and a chaotic inhomogeneous structure was noted. Histones can be dissociated from DNA by treating chromatin with salt or dilute acid. Thus the effect of salt on the pattern formation was examined. Both DNA and histone were dissolved in an acetate buffer solution (CH3COOH-CH3COONa, pH 5.5, 0.1 M), which was found to produce precipitation with the highest optical scattering at 310 nm. As a result, no apparent pattern was observed in the concentration range of DNA at 5, 10, 25, and 50 mg ml -1 and histone at 10, 25, and 50 mg ml -1 . Also, no pattern was observed also at a salt concentration of 1 M. The effect of the viscosity on the pattern formation was also examined. A histone solution containing 50% (v/v) of glycerol (Wako Chemicals Co., Japan) was used. This time, instead of the pattern, a different behavior was observed. Concentric circles appeared and shrunk at the center. When observed from the top, these circles appeared one after another from the edge of the solution circle. The effect of the DNA concentration on the number of circles formed is illustrated in Fig. 2 . As can be seen from the figure, for histone concentrations of 10, 15, 20, and 25 mg ml -1 , the relationship between the numbers of circles and the DNA concentration showed similar profiles. In the case of histone at 5 mg ml -1 , circles were formed at all DNA ranges with a smaller density when compared with cases with higher amount of DNA.
To investigate the possibility of a more sensitive DNA measurement, conditions were searched that showed a pattern with a lower DNA concentration. One microliter of 10 mg ml -1 histone in water and 5 µl of DNA in an acetate buffer solution (pH 5.5, 1 and 10 mM) were mixed. Circles were observed on the liquid drops with [DNA] of 0.2 and 0.5 mg ml -1 . A measurement of the circle number for each [DNA] and acetate concentration was performed five times, and the reproducibility of the circle number was examined. Figure 3 shows the result; from this it can be concluded that 1 µg and 2.5 µg of DNA could be distinguished by eye. A convenient method without using any transducers, such as naked-eye detectable quantification, would be welcome in every field of analytical chemistry. 6 By observing the pattern using a microscope, it was thought to be the result of convection in the liquid drop (data not shown).
In hydrodynamics, such convection observed in a system with a free surface is often studied as a thermocapillary and/or buoyancy convection. [7] [8] [9] In small-scale environments, thermocapillary forces play a significant role in determining the dynamics of the flow. With the temperature difference at the surface and inside of a liquid, the surface tension is distributed non-uniformly, and the convection is observed. 7 The strength of the buoyancy force is represented by the Rayleigh number (Ra 10 ), and the strength of the surface tension driving forces is given by the Marangoni number. 8 Calculations of both numbers would therefore, give information to make an image of the mechanism. The Marangoni number of the system was roughly estimated as follows. For a diluted DNA and histone solution with low salt concentration, the parameters were selected to be identical with those of pure water at room temperature (thermal conductivity, κ = 1.47 × 10 -7 m 2 s -1 ; dynamic viscosity, ν = 0.9 × 10 -3 N s m -2 /1 × 10 6 g m -3 ; density, ρ = 1 × 10 6 g m -3 ; surface tension coefficient, -∂σ/∂T = 1.6 × 10 -4 N m -1 K -1 ; depth of the liquid, d = 1 × 10 -3 m). For estimating gradT, a temperature measurement of the liquid was performed using an infrared thermometer (Model PT-3S, Optex, Japan), an effective device for the estimation. 11 The gradient of the temperature (gradT) was then roughly calculated to be 2 × 10 3 K m -1 . The thermal Marangoni number, 8 MT = -∂σ/∂T gradTd 2 (ρκν) -1 , was then calculated to be MT = 2400.
Ra (Rayleigh number) of the system, regarded to be linearly correlated with gradT, 12 can be estimated as [DNA] = 5 mg ml -1 (a), 10 mg ml -1 (b), 20 mg ml -1 (c), 30 mg ml -1 (d), 40 mg ml -1 (e), 50 mg ml -1 (f), 60 mg ml -1 (g), 80 mg ml -1 (h), 100 mg ml -1 (i). 
Ra = 30.
Assuming this fact, the initial mechanism ruling the phenomenon seems to be a thermocapillaly phenomenon. 8 Generally, the binding reaction of nucleic acid with protein is considered to be an exothermal reaction. 13 The binding reaction of DNA and histone will release free energy, which will work positively to increase the local temperature. With higher DNA concentration, the density of points with higher temperature becomes higher. This might cause an increase in the nonuniformity of the surface temperature, and finally more circles are observed. As mentioned above, the thermocapillary effect was thought to have an initial influence on the pattern formation after estimating both the Marangoni and Rayleigh numbers of the system. Generally, these two numbers influence the pattern shape observed on the surface. 14 The observation of such a pattern will, therefore, provide much chemical/physical information, such as the density, viscosity or temperature near to the liquid surface. These parameters change through reactions between large molecules, such as DNA and protein.
Studies of the pattern as the result of nonlinear chemical reactions are now being focused on, 15, 16 and further study of this system is being performed by the author. This work will be a key for the progress of on-chip technology. At the same time, with the reproducibility and sensitivity shown in Fig. 3 , this system can be used for a simple estimation method of the DNA concentration by counting the circle number per area without using any kind of transducers. 1215 ANALYTICAL SCIENCES OCTOBER 2001, VOL. 17 Fig. 3 Reproducibility of a system with low DNA concentration. Five microliters of DNA in acetate buffer solutions (pH 5.5) of two different concentrations (1 and 10 mM) were added to 1 µl of a 10 mg ml -1 histone solution, respectively. The error bars represent the standard deviation for five measurements.
